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The off-diagonal (electric, thermal and thermoelectric) transport coefficients of a solid can acquire
an anomalous component due to the non-trivial topology of the Bloch waves. We present a study
of the anomalous Hall (AHE), Nernst (ANE) and thermal Hall effects (ATHE) in the Heusler
Weyl ferromagnet Co2MnGa. The Anomalous Wiedemann-Franz law, linking electric and thermal
responses, was found to be valid over the whole temperature window. This indicates that the AHE
has an intrinsic origin and the Berry spectrum is smooth in the immediate vicinity of the Fermi level.
From the ANE data, we extract the magnitude and temperature dependence of αAij and put under
scrutiny the αAij/σ
A
ij ratio, which approaches kB/e at room temperature. We show that in various
topological magnets the room-temperature magnitude of this ratio is a sizeable fraction of kB/e
and argue that the two anomalous transverse coefficients depend on universal constants, the Berry
curvature averaged over a window set by either the Fermi wavelength (for Hall) or the de Broglie
thermal length (for Nernst). Since the ratio of the latter two is close to unity at room temperature,
such a universal scaling finds a natural explanation in the intrinsic picture of anomalous transverse
coefficients.
The anomalous Hall effect (AHE)1–3 has thermoelec-
tric and thermal counterparts, which emerge whenever
the longitudinal electric field is replaced by a longitudi-
nal temperature gradient. When intrinsic, the anoma-
lous Nernst (ANE) and the anomalous Righi-Leduc (or
thermal Hall (ATHE) effects, like AHE, are caused by
the non-vanishing Berry curvature of Bloch waves in the
host solid4–8. A recent theme of interest is the magni-
tude of these anomalous coefficients. Universal scaling
between the amplitudes of magnetization and the am-
plitude of the transverse response has been sought and
invalidated4,7,9. Correlations among anomalous trans-
verse coefficients themselves has also been explored. The
anomalous version of the Wiedemenn-Franz law, estab-
lishing a link between the magnitude of AHE and ARLE
has been tested6,10,11 and the validity of the Mott’s rela-
tion linking AHE and ANE has been investigated6,7,12–14.
In this paper, we present an extensive study of the
three anomalous transport coefficients of Co2MnGa and
report on several new findings. First of all, we find that
the anomalous Wiedemann-Franz law (WF) holds in this
system between 2K and 300 K. To the best of our knowl-
edge, this is the unique case of such an extensive verifi-
cation. Second, we quantify αAij and confirm that, as no-
ticed previously8,9, αAij is exceptionally large in this sys-
tem. We quantify the temperature dependence of αAij/σ
A
ij
ratio and find that it tends to saturate to a sizeable frac-
tion of kB/e at high temperature. We then show that
ratio of αAij/σ
A
ij at room temperature in all known topo-
logical magnets lies between 0.2 kB/e and 0.9 kB/e in
spite of a tenfold variation in the amplitude of αAij . We
will see below that such a striking correlation is expected
when the anomalous transverse response is intrinsic. It
implies that the large αAij in this system
8,9 is unsurpris-
ing given its large σAij .
Co2MnGa is a Weyl ferromagnet
8,15 with a Heusler
L21 structure. It has a Curie temperature of TC ≈ 694
K and a saturation moment of 4 µB per formula unit
16.
Previous studies have reported on strain-induced mag-
netic anisotropy17 and negative anisotropic magnetore-
sistance18. Recently, a large anomalous Hall conductivity
exceeding 1000 Ω cm−1 has been observed in thin films
and more 2000 Ω cm−1 in crystals of Co2MnGa8,19,20.
A large anomalous Nernst effect was also reported by a
number of previous authors8,9,14,21. The magnitude of
room-temperature ANE in crystals was found to be re-
markably large8,9. Guin et al.9 reported that SAxy is much
larger than what is expected according to a simple scal-
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FIG. 1. Basic transport and anomalous transverse re-
sponses at (T = 300 K) in Co2MnGa: Temperature
dependence of electric (a) and thermal conductivity (b). (c)
Magnetization M at room temperature. (d) Anomalous Hall
effect (e) anomalous Nernst effect, and (f) anomalous thermal
Hall effect at room temperature. In all cases in this paper, B ‖
[110], I ‖ [001]. The insets in (d-f) show the experimental con-
figurations for Hall, Nernst and thermal Hall measurements.
ing with magnetization and Sakai et al. invoked a quan-
tum critical scaling for αAxy
8. In this context, and as we
will see below, a comparison of the αAij/σ
A
ij across various
magnets is illuminating. Despite the fact that σAij varies
hundredfold (8 to 1000 Ω−1cm−1) in different topological
magnets, the ratio of αAij/σ
A
ij remains a sizeable fraction
of kB/e.
Figure 1(a) and (b) show the temperature dependence
of the thermal conductivity, κxx and electric resistivity,
ρxx. Resistivity varies from 125 µΩ cm at room temper-
ature to 60 µΩ cm at low temperature. This implies a
short mean-free-path for electrons and given the magni-
tude of κxx a dominant role for phonons (and eventually
magnons) in longitudinal thermal transport.
As seen in Figure 1(c), room temperature magneti-
zation saturates to 4 µB/f.u., similar to what was re-
ported previously8,19. In contrast to other topological
magnets6,10,13, no clear hysteresis loop is visible, indi-
cating that the domain walls smoothly propagate with-
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FIG. 2. Temperature evolution of Hall conductivity
and thermal Hall conductivity and Anomalous trans-
verse Lorenz number in Co2MnGa: (a) and (b) Field de-
pendent Hall conductivity σxy and transverse thermal conduc-
tivity divided by T κxy/T at selected temperatures. (c) Tem-
perature dependent anomalous Hall conductivity and trans-
verse thermal conductivity. (d) The anomalous transverse
Lorenz ratio (LAxy = κ
A
xy/σ
A
xyT ).
out pinning when the magnetic field is swept. The field
dependence of the Hall, Nernst and Righi-Leduc effects
at room temperature are shown in Fig.1(d-f). They all
display a behavior similar to the magnetization. The
presence of a large anomalous component is visible. The
steep initial slope is replaced by a much smaller one at
higher magnetic field. The anomalous component of the
Hall resistivity (' 13µΩ cm) is slightly below what was
previously reported (' 15µΩ cm)8 and the anomalous
Nernst signal (' 8µ V/ K) is somewhat larger than a
previous report (' 6.5µ V/ K)8. We note that the room-
temperature anomalous SAxy in crystals
8,9 is three to four
times larger than in thin films14,21.
Fig.2(a,c) shows the thermal evolution of the Hall
conductivity (σxy) and the thermal Hall conductivity
(κxy/T ) in a field window extended to 7 T (The raw data
can be seen in the supplement22). In both cases, given the
clear change in the slope of the curve, the extraction of
the anomalous components is straightforward. Fig.2(b)
shows how the anomalous Hall conductivity, σAxy, and the
anomalous thermal Hall conductivity κAxy/T depend on
temperature. Both increase almost twofold as the system
is cooled from 300 K to 4 K. The validity of the anoma-
lous WF law for transverse response can be checked by
comapring the anomalous Lorenz number LAxy =
κAxy
TσAxy
with the Sommerfeld value L0 =
pi2
3 (
kB
e )
2 where kB and e
are the Boltzmann constant and the elementary charge of
electron. As seen in Fig.2(d), within experimental mar-
gin, we find that L remains close to L0 and the anomalous
WF law is verified.
3In Fig.3(a), we compare the evolution of the anoma-
lous Lorenz number LAij in Co2MnGa with those found
in two other topological magnets. In the case of Mn3Sn
6, the anomalous WF law was found to be held above
150 K. The commensurate triangular magnetic order is
taken over by a helical one below this temperature. In
Mn3Ge
10, such a transition is absent and thus the va-
lidity of the anomalous WF law could be checked down
to cryogenic temperatures, but a sizeable difference be-
tween LAxy and L0 was observed above 100 K and at-
tributed to a mismatch between thermal and electrical
summations of the Berry curvature10. In common ele-
mental ferromagnets, like Ni23 and Fe6, LAxy was found
to be close to L0 at low temperature and a downward
deviation emerges on heating, presumably due to inelas-
tic scattering 6. Thus, Co2MnGa is the first case of a
magnet in which the anomalous WF law remains valid
between 4 K and 300 K. This means that not only in-
elastic scattering is irrelevant, but also the thermal and
electrical summations of the Berry curvature match each
other. Thus, the variation of the Berry curvature near
the Fermi energy is not abrupt in contrast to the case of
Mn3Ge
10.
Fig.3(b) and (c) show the temperature dependence
of σAxy and α
A
xy. The magnitude of α
A
xy (which attains
1400 Ω cm−1 at 2 K and decreases to 1000 Ω cm−1 at
room temperature) is remarkably large and in reason-
able agreement with previous studies8,9. The anoma-
lous transverse thermoelectric conductivity, αAxy displays
a non-monotonous temperature dependence decreasing
only below 150 K and vanishing as expected in the zero-
temperature limit. Our αAxy data is in reasonable agree-
ment with Sakai and co-workers’ data 8, but does not
match what was reported by Guin et al.9, discussed in
the supplement22, this is due to an elementary mistake
in manipulating the sign of the two components of αAxy.
Rectifying this mistake, one finds that the three sets of
data give comparable value at room-temperature22.
The low-temperature slope of αAxy can be quantified
by plotting αAxy/T as a function of temperature
22. Ac-
cording to the Mott’s relation, this slope quantifies the
variation of the low-temperature σAxy caused by an in-
finitesimal shift in the chemical potential. The mag-
nitude of the extracted slope in Co2MnGa (α
A
xy/T '
−0.037AK−2m−1) is smaller than what was seen in
Co3Sn2S2
13. In the latter case, the extracted slope was
found to be in good agreement with the observed vari-
ation of low-temperature σAxy caused by a small shift in
the chemical potential13. Our data reveals a well-defined
αAxy/T and merges to the -ln T behavior above 100 K,
similarly to the one reported by a previous study 8.(See
the discussion in 22).
We now turn our attention to the magnitude of the
αAij/σ
A
ij ratio. In Fig.4a), we present the temperature
dependence of this ratio in Co2MnGa and compare it
to the available data of other magnets. Among these
five systems, Co3Sn2S2 distinguishes itself by the sign
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FIG. 3. Anomalous Transverse coefficients: (a) The
anomalous Lorenz number LAxy = κ
A
xy/Tσ
A
xy remains close to
the Sommerfeld value L0. The anomalous Lorenz number of
Mn3Sn
6 and Mn3Ge
10 are also shown. The dashed horizontal
line represents L0. (b) The anomalous Hall conductivity σ
A
xy
as a function of temperature. (c) The anomalous transverse
thermoelectric conductivity, αAxy, as a function of tempera-
ture. For comparison with data reported previously8,9, see
the supplement22.
change of αAxy around 60 K
13. However, like the four
other systems, this ratio tends towards saturation at a
value which is a sizeable fraction of kB/e.
As seen in Fig.4b, even though σAij changes by a fac-
tor of 100 among different magnetic materials, the room-
temperature αAij/σ
A
ij ratio remains between kB/5e and
kB/e, which is the natural units of the ratio of these two
quantities. This observation begs an explanation within
our present understanding of anomalous transverse coef-
ficients caused by Berry curvature.
The following expressions link the anomalous Hall and
the anomalous thermoelectric conductivity to the Berry
curvature Ωz
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~
∫
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FIG. 4. The universal relation found in αAij/σ
A
ij ra-
tio and the pondering functions: a): The αAij/σ
A
ij ratio
as a function of temperature in different magnets including
Mn3Sn
6, Fe6, Mn3Ge
10, La0.7Sr0.3CoO3
24 and Co3Sn2S2
13).
kB/e is represented by a red solid line. b): Room-temperature
αAij/σ
A
ij in different magnets(Fe0.7Ge0.3
25). All the points are
shows at 300 K(Co3Sn2S2 is taken at 170 K because of the
magnetic order). They lie all between kB/5e(blue line) and
kB/e(red line). Note the range of σ
A between 8 Ω−1cm−1 and
1000 Ω−1cm−1. c-f) Pondering functions in Fermi sea (c and
e) and Fermi surface (d and f) expressions of the anoamlous
Hall coefficients. c) Fermi-Dirac distribution, f(k), used for
Fermi-sea σAij . d) Its energy derivative, used for Fermi-surface
σAij . e) The entropy density of electrons, s(k), used for Fermi-
sea αAij . f) Its energy derivative, used for Fermi-surface α
A
ij .
Here f(k) is the Fermi-Dirac distribution and s(k) =
−f(k)ln(f(k))− (1− f(k))ln(1− f(k)) is the (von Neu-
man) entropy density of electron gas, which are plotted
in Fig.4c and Fig.4e. These ’Fermi sea’ expressions for
σAxy and α
A
xy have ’Fermi surface’ counterparts where the
pondering factors are ∂f/∂ and ∂s/∂ = ∂f∂
(−µ)
kBT
(See
the supplement for a discussion on the equivalency be-
tween the two formalisms).
Eq.1 implies that the anomalous Hall conductivity is
an average of the Berry curvature over the occupied
fermionic states. One can express this idea by writing13:
σAxy ≈ e
2
~
1
c <
ΩB
λ2F
>, where λF is the Fermi wavelength
in the plane perpendicular to the magnetic field and c is
the lattice parameter along the magnetic field. In con-
trast, Eq.2 implies that αAxy averages the Berry curva-
ture over the states, which have a finite entropy, which
within a thermal thickness of the Fermi level. Therefore
αAxy ≈ ekB~ 1c < ΩBΛ2 >13, where Λ =
√
h2
2pimkBT
is the de
Broglie thermal wavelength in the plane perpendicular
to the magnetic field. According to these expressions,
αAxy vanishes in the low temperature limit, because Λ
will diverge. On the other hand, λF and therefore σ
A
xy
are expected to be finite in the whole temperature range.
Now, the αAxy/σ
A
xy will be set by
kB
e <
λ2F
Λ2 >. Therefore,
as the system is warmed up, λF and Λ become compara-
ble in size, the ratio should approach kB/e. This provides
a simple explanation for the strong correlation between
the magnitudes of σAij(300K) and α
A
ij(300K) in all known
topological magnetic systems.
Let us note that a similar approach, associating αAij
and Λ, explained why the magnitude of the anomalous
Nernst effect (SAij) in a given magnet anti-correlates with
the mean-free-path13, while the ordinary Nernst effect
correlates with the mean-free-path26. In both cases, the
driving idea is simple. The intrinsic anomalous αAij (like
the intrinsic anomalous σAij) should not depend on the
mean-free-path, but on the average Berry curvature. In
contrast, semiclassical αij (like seimclassical σij) scale
with the inverse of the square of the mean-free-path26.
Note also that the large anomalous thermoelectric re-
sponse of Co2MnGa is demystified by this approach.
The room temperature αAxy of 3 AK
−1m−1 is large com-
pared to other topological magnets with lower AHE. In-
terestingly, BCC iron, whose room-temperature AHE is
only slightly lower (' 1000 Ω−1cm−16,27 has a room-
temperature αAxy as large as 2 AK
−1m−16. As the room-
temperature SAxy is 20 times larger in Co2MnGa than in
Fe, it is partly because of its larger room-temperature
resistivity (125µΩcm in Co2MnGa compared to 10µΩcm
in Fe).
In summary, we studied the anomalous off-diagonal co-
efficients of Co2MnGa and checked the validity of the
anomalous transverse Wiedemann-Franz law in the whole
temperature range. This confirms that the anomalous
transverse response is fundamentally a Fermi surface
property28. We quantified αAxy and found that in all
5known topological magnets its magnitude at room tem-
perature has a universal relation with the size of the
anomalous Hall conductivity and proposed an explana-
tion for this observation.
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S1. SAMPLE PREPRATION AND
MEASUREMENTS
The single crystal Co2MnGa were prepared by
the Czochralski method8. The resistivity and Hall
measurements were performed in a commercial mea-
surement system(PPMS, Quantum Design) using the
standard four-probe method with a pair of current
source(Keithley 6221) and DC-Nanovoltmeter(Keithley
2182)10. The thermal gradient was measured by Type-
E thermocouple10 in PPMS with high vacuum environ-
ment. The Nernst(Seebeck) voltage was detected by a
DC-Nanovoltmeter separately. For thermal Hall effect
measurements, we set µ0H at +(-) 1 T at different tem-
peratures to get the anomalous thermal Hall conductiv-
ity. We also measured the transverse thermal conductiv-
ity with the function of field at some selected tempera-
tures to get the normal part of thermal Hall effect. We
used those convention in the main text(See Fig.1) to de-
termine the sign for the transverse signal(Hall, Nernst
and Righi-Leduc).
S2. CARRIER DENSITY AND MOBILITY
In the low temperature(2 K), carrier density n is ≈ 2.8
× 1021 cm−3, using the single-band model(n = 1/eRH ,
where RH is the Hall coefficient), along with the longi-
tude resistivity ρxx = 5.8× 10−7 Ωm, the carrier mobility
results µ = 1/neρ ≈ 38 cm2V−1s−1. Fig.S2 shows the
temperature evolution of Hall effect and thermal Hall ef-
fect. As it’s depicted in Fig.S2a), the slope of ordinal
Hall effect decrease a lot while increasing the tempera-
ture. We notes that it seems like the sign would change
at a higher temperature.
S3. THE TWO COMPONENTS OF αAij
The charge density current in a solid depends on both
the electric field E and the thermal gradient∇T 29:
J e = ~σE− ~α∇T (S1)
In absence of charge current, one has : J e = 0 and there-
fore ~σE−~α∇T = 0. Since Sij = Ei/∇jT , one can write:
~α = ~σ~S (S2)
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FIG. S1. Anomalous Nernst coefficient and the See-
beck coefficient as a function of temperature: The
anomalous Nernst coefficient SAxy extracted from the field de-
pendence of the Nernst effect at different temperatures. It
attains -7.8 µ V/K at room temperature. The temperature
dependence of the Seebeck coefficient is also shown.
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FIG. S2. The raw data: Temperature dependence of Hall
resisitivity(a)) and thermal Hall ressitivity (b)) .
Eq.2 in the matrix form becomes:(
αxx αxy
αyx αyy
)
=
(
σxx σxy
σyx σyy
)(
Sxx Sxy
Syx Syy
)
=
(
σxxSxx + σxySyx σxxSxy + σxySyy
σyxSxx + σyySyx σyxSxy + σyySyy
)
As a consequence:
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FIG. S3. Two components of αAxy and the consistency
a) Data by Guin et al.(blue)9 and this work(red) for the two
components of αAxy in Eq.S3. α1 = σ
A
xySxx and α2 = -S
A
xyσxx.
b) The sum and the difference of the two terms. Guin et
al.9 added the two components, while the correct procedure
is to subtract them. We note that the SAxy is positive in Guin
et al. but negative here as a matter of convention. c) αA of
Co2MnGa according to Guin et al.(modified), Sakai et al. and
the present data. An overall consistency can be observed after
correcting the mistake and assuming an opposite convention.
αxy = σxxSxy + σxySyy (S3)
This leads to the following expression between αxy and
experimentally measurable quantities:
αxy =
ρyySxy − ρxySyy
ρxxρyy − ρxyρyx (S4)
Two different conventions for defining Sxy have been
used: Sxy = Ex/∇yT or Sxy = Ex/ −∇yT . The choice
of convention for Sxy does not matter by itself. However,
it can lead to mistakes on determining the magnitude of
αxy.
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FIG. S4. Comparison of αAxy/T and σ
A
xy reported in
Co2MnGa a) α
A
xy/T according to Guin et al.(with oppo-
site sign), Sakai et al. and this work. At low temperature
the slope of αAxy/T is unambiguously found to be close to -
0.037Ak−2m−1 in our data. The slope in the data reported
by Sakai et al. is more ambiguous, but not very different. b)
The temperature dependence of σAxy according to the thtee
different groups. The data by by Sakai et al. is comparable
to ours at room temperature, but slightly larger at low tem-
peratures. The difference is attributable to a small change in
the stoichiometry.
S4. αAxy AND σ
A
xy ACCORDING TO DIFFERENT
GROUPS
Guin et al.9 report that αAxy in Co2MnGa is as large
as 7AK−1m−1. This is more than twice larger than what
we or Sakai et al. find. The reason behind this discrep-
ancy appears to be a simple mistake. They have appar-
ently added instead of subtracting the two components
of αAxy in the right side of Eq.S3. As seen in Fig.S3,
the two components, namely -σxxS
A
xy and σ
A
xySyy have
comparable values. Therefore the correct sign of these
two parts is crucial in setting αAxy. After rectifying their
data ( Fig.S3), one sees that the correct αAxy from their
measurements is non-monotonous like what was found by
us and by Sakai et al.(Fig.S3c). The room-temperature
magnitude of αAxy is close to 3 AK
−1m−1 in the three sets
of data.
Thus, the magnitude of room-temperature αAxy and
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FIG. S5. Logarithmic T dependence and quantum
criticality- In a semi-log plot, αxy/T is indeed linear in -
ln(T ) in a finite temperature window, attributed to quantum
criticality8. In the zero-temperature limit, αxy/T saturates
to a finite value.
σAxy in Co2MnGa appears to be known beyond reason-
able doubt. On the other hand, as one can see in Fig.S4,
in the low -temperature limit, the data by Sakai et al. in-
dicates a non-monotonous σAxy. The magnitude of αxy/T
in the zero-temperature limit according to their data is
not very different from ours.
By plotting αxy/T as a function of ln(T) (Fig.S5), one
can see how the two sets of data comapre with each other.
According to Sakai et al.8, αxy/T is almost linear in ln(T)
between 20 K and 200 K. A crossover to a constant be-
havior from ln T dependence appears below 20 K. In our
data the temperature window in which αxy/T is linear
in ln(T) is restricted to a high-temperature range above
100 K and the saturation to a constant value below 100
K is very clear. The difference in αxy/T seen in the two
sets of data may be ascribed to a small change in the
stoichiometry and a slight shift in the Fermi energy. Fu-
ture studies will tell if there is a critical doping at which
the αxy/T remains linear in ln(T) down to the lowest
measured temperature as expected in a quantum-critical
scenario.
S5. FERMI-SEA AND FERMI-SURFACE
EXPRESSIONS FOR ANOMALOUS
TRANSVERSE COEFFICIENTS
Xiao and co-workers wrote the following expression
for the anomalous off-diagonal thermoelectric conductiv-
ity:4:
αAxy =
e
T~
∫
d3k
(2pi)3
Ωz(k)F (k) (S5)
Here, F (k) = ( − µ)f(k) + 1β ln[1 + e−β(−µ)], β =
1/kBT , f(k) is the Fermi-Dirac distribution and T is the
temperature.
A variable change ( − µ) → f(k)30,31 can show that
F (k) can be expressed in terms of the entropy density
function s(k) = −f(k)ln(f(k))− (1− f(k))ln(1− f(k)).
F (k) = (− µ)f(k) + kBT ln[1 + e−β(−µ)]
= kBT{β(− µ)f(k) + ln[1 + e−β(−µ)]}
= kBT{ln( 1
f(k)
− 1)f(k) + ln[1 + 1
1/f(k)− 1 ]}
= kBT{ln(1− f(k)
f(k)
)f(k) + ln[1 +
f(k)
1− f(k) ]}
= kBT{[ln(1− f(k))− ln(f(k))]f(k)− ln(1− f(k))}
= kBT{−f(k)ln(f(k))− (1− f(k))ln(1− f(k))}
= kBTs(k)
The anomalous thermoelectric conductivity becomes:
αAxy =
kBe
~
∫
d3k
(2pi)3
Ωz(k)s(k) (S6)
This expression, used in the main text, is a Fermi-sea
expression. The connection to the Fermi-sea expression
can be seen by taking the derivative of s(k)
∂s
∂
= −(ln(f(k)) + 1)∂f
∂
− (−ln(1− f(k))− 1)∂f
∂
= (−ln(f(k)) + ln(1− f(k)))∂f
∂
= ln(
(1− f(k))
f(k)
)
∂f
∂
=
∂f
∂
(− µ)
kBT
(S7)
As in the case of anomalous Hall effect, the pondering
factor in the Fermi-surface expression, is the negative
energy deviation of that in Fermi sea picture, f .
